The two chrysomonads, Coccolithus huxleyi and a Hymenomonas sp., contained chlorophylls a and c, carotene and fucoxanthin, and a number of minor xanthophylls. Coccolithus huxleyi was rich in chlorophyll c and had a chlorophyll a : c ratio of 1.5 : 1 4 ; in Hymenomonas the ratio was 5 : 1. Incubation of broken-cell preparations a t high light intensities resulted in the decomposition of chlorophyll a, whereas chlorophyll c was stable under these conditions. This photochemical bleaching of chlorophyll a shifted the spectrum from 678 to 674 mp, with a difference spectrum showing a maximum a t 680 mp. Maximum photosynthetic rates of 150-200 pmoles CO,/mg. chlorophyll a + c/hr were reached in 10-day cultures. Maximum populations of 106 organismslml. for Hymenomonas and lo7 for C . huxleyi were reached in about 14 days. Hymenomonas grew best at light intensities of 800 ft.c. or higher, whereas growth of C. huxleyi was independent of light intensity above 60 ft.c. Maximum photosynthetic rates were obtained a t a light intensity of 3500 ft.c.
INTRODUCTION
The chrysomonads, which include the coccolithophores and the golden-brown flagellates, are widely distributed in temperate and tropical oceans; in some areas they may comprise the dominant members of the phytoplankton (Bernard & Lecal, 1950;  Knight-Jones, 1951 ; McAllister, Parsons & Strickland, 1960) . Some chrysomonads, such as the freshwater Ochromonas, contain only chlorophyll a, but most organisms in this class which have been examined also contain chlorophyll c and fucoxanthin as the major accessory pigments (Allen, Goodwin & Phagpolngarm, 1960;  Parsons, 1961;  Jeffrey, 1961) . Although a great deal is now known about the photosynthetic mechanisms of higher plants and green algae which contain chlorophylls a and b (Arnon, 1961;  Bassham & Calvin, 1960) and the photosynthetic bacteria (Stanier, 1961) , little is known of photosynthesis as it occurs in the marine algae which contain chlorophyll c and either fucoxanthin (chrysomonads, diatoms, brown algae), peridinin (dinoflagellates) or phycobilins (cryptomonads) as additional accessory pigments. The mechanisms of light energy conversion and the products of carbon fixation are unknown in these organisms. Action spectra studies of brown algae and diatoms have suggested a photosynthetic function for chlorophyll c and fucoxanthin (Haxo & Blinks, 1950;  Tanada, 1951) , but more detailed studies are needed before the precise role of these pigments is known.
In the present work the physiology of cultures of two chrysomonads was studied as a preliminary to more detailed investigations of photosynthetic mechanisms and accessory pigment function. The organisms chosen were Coccolithus huxle y i and a Hymenomonas sp. whose nutrition in pure culture was investigated by Pintner & Provasoli (1962) . These authors found that C. huxleyi, which is a widely distributed oceanic organism, is a photolithotrophic organism practically devoid of heterotrophic abilities, whereas the Hymenomonas, which inhabits euryhaline inshore environments, can utilize a wide range of organic carbon and nitrogen sources, although they are not essential for growth. The present paper describes the pigment composition of both organisms, the stability of the chlorophylls in whole organisms and in broken-cell preparations under different conditions, and the relationships between growth and photosynthetic rates under a range of light intensities. A later communication will describe the photochemical activities of chloroplast preparations from these two organisms.
METHODS

Cultures.
Axenic cultures of Coccolithus huxleyi and Hymenomonas sp. were obtained from Dr L. Provasoli (Haskins Laboratories, New York) . Coccolithus huxleyi in our cultures was non-motile, about 5 ,u in diameter, and possessed its coccolith plates. The Hymenomonas was an actively motile flagellate, about 15-20 , u in diameter. The organisms were grown at 14-16' under 500 ft.c. of 'cool white' fluorescent lights (40 watts). Light intensities were measured with a General Electric Light Meter, Type 213, which was colour and cosine corrected, and was calibrated in foot-candles (ft.c.). The Hymenomonas was grown in 1 1. Erlenmeyer flasks containing 500 ml. of medium; C. huxleyi was grown in Roux bottles containing 250 ml. medium. The medium, here designated DDC, was adapted from the DC medium of Provasoli, McLaughlin & Droop (1957) , by omitting all organic supplements except vitamins. The cultures were static and were not supplied with additional carbon dioxide during growth, since the organisms clumped badly on agitation.
Experiments in which the organisms were grown a t different light intensities were carried out in 125 ml. Erlenmeyer flasks, containing 50 ml. medium. Neutral filters were made by exposing Eastman medium contrast lantern slides to light for different times to obtain an appropriate range of filters of different intensities. Percentage transmission of each filter over the visible range was checked in a Cary Recording Spectrophotometer, Model 14 R (Applied Physics Co., Monrovia, California). The filters were fixed to the bottoms of the flasks to obtain the required light intensity, and the flasks were illuminated from below by 40 watt Ultralux reflector fluorescent lights covered with a single surface ground-glass diffusing screen to provide a uniform light field. The sides of the flasks were protected from stray light by covering the sides of the flasks with black electrical tape.
Extraction and chromatography of pigments. Pigments were extracted from the organisms and separated by two-dimensional paper chromatography for qualitative and quantitative analyses (Jeffrey, 1961) . After extraction with 90% (v/v) acetone in water, the pigments were transferred to ether in a measuring cylinder, by adding ether to the extract and washing with 10% NaCl solution. The ether layer containing Photosynthescis in chrysomonads 279 the pigments was then used directly for chromatography without further drying. For quantitative measurements, the volume of the ether extract was measured directly in the cylinder before samples were taken for chromatography. Chromatograms were run in the dark a t 5-8'; the chromatography jars contained a beaker of silica gel to keep solvents and atmosphere dry. Pigment spots were quantitatively eluted by means of an L-shaped glass elution tube kindly given by Dr T. R. Parsons (Fisheries Research Board, Nanaimo, British Columbia) . The horizontal arm was a capillary tube, 10 cm. long, a t the end of which was attached a needle point, and the vertical arm, also 10 em. long, which acted as the solvent reservoir, was 1 cm. in diameter. The paper circle containing the pigment spot was attached to the needle point so that the paper touched the end of the capillary. Solvent was run into the vertical arm and flowed down the horizontal capillary tube to the paper, rapidly eluting the pigment. Chlorophyll a and carotenoids were eluted with acetone ; chlorophyll c with acetone +methanol mixtures. Eluates were collected, and the concentrations of pigment determined spectrophotometrically. For identification, absorption curves of the pigments in different solvents were recorded with a Cary Recording Spectrophotometer (Model 14 R).
Derivative spectra were carried out according to the method as developed by French et al. (1954) with a tachometer attachment to the Cary Spectrophotometer to measure the speed of pen travel. Detailed estimation of individual pigment fractions was carried out by chromatography and elution (see Table 3 ), and a recovery of 80% for the chlorophylls and 85-90 yo for the carotenoids was achieved.
The extinction values were those given previously (Jeffrey, 1961) except for chlorophyll c (Jeffrey, 1963) and fucoxanthin (Parsons & Strickland, 1963) . Where the extinctions were unknown (the minor xanthophylls) the extinction for carotene was used.
Routine spectrophotometric determination of chlorophylls a and c. For simple routine determinations of chlorophylls a and c samples of the cultures were centrifuged, and the sedimented organisms extracted with a small volume (3-4 ml.) of 90% (v/v) acetone in water. After centrifugation, absorbances of the clear acetone extract were measured at 663 and 630 mp, and the concentrations of chlorophylls a and c were calculated in ,ug./ml. according to the equations of Humphrey & Jeffrey (manuscript in preparation) : chlorophyll a = 13.31 E 6 6 3 m p -0.27E6133mp; chlorophyll c = -8*37E.530mp+ 51*72Ee30mp.
Measurement of photosynthesis. Centrifugation or shaking the cultures caused the organisms to clump to a compact mass that could not be resuspended without breaking the organisms. Rates of photosynthesis were therefore measured by 14C0, uptake. For 14C studies, 3.0 ml. suspension of organisms were taken directly from growing cultures and were pipetted into Warburg flasks containing 0.1 ml. 0.1 iu-Na,14C0, (106counts/min.) in one side arm and 0.2 ml. 20% trichloroacetic acid (TCA) in the other. Dark controls were run with each experiment in Warburg flasks covered with black tape, and graded light intensities were obtained when needed by attaching neutral filters of different densities to the bottom of the flasks and covering the sides with black tape. The flasks were equilibrated at 14'+0.5 S. W. JEFFREY AND M. B. ALLEN for 5 min. without shaking, and the reaction started by tipping in the Na214C0, and by turning on the lights. A bank of ten 150-watt reflector flood lamps under the bath provided a maximum intensity of 3500ft.c. Incubation was for 15min. without shaking. The reaction was terminated by tipping in the TCA, which also liberated the excess 14C0, which had not been utilized. The 14C02 was subsequently released into a trap, and samples (0.1 ml.) of the suspension were then plated on to aluminium planchets, dried under infra-red lamps and the radioactivity counted with an automatic Nuclear Chicago thin-window counter (Nuclear Chicago Corp., Des Plaines, Illinois). Self-absorption was corrected for by counting standards with a known amount of radioactivity to which 0.1 ml. DDC medium was added. The total CO, added to each flask was determined manometrically in a separate experiment, and from the total counts added and the counts recovered in each flask the values of pmoles C02/mg. chlorophyll a+c/hr were calculated. The rates of 14C fixation were linear over a 2-hr period, and therefore the 15 min. reaction time gave an accurate indication of steady-state photosynthetic rates.
Broken-cell preparations. In certain experiments broken-cell preparations were used because of the tendency of the organisms to clump in dense suspensions. Cultures (about 250 ml.) were centrifuged at 2000 rev./min. for 5 min. and the supernatant fluid discarded. The sedimented organisms were then transferred to a glass Potter-Elvehjem homogenizer in a small volume (8-10 ml.) of 0.35 M-NaCl solution containing 0-15 M-tris buffer (pH 7.8). The organisms were kept at 5' throughout the procedure. With Hymenomonas, the organisms were homogenized gently for 2 min., and the small proportion of unbroken organisms was removed by centrifugation at 1000 rev./min. for 2 min. The Coccolithus, being smaller and more difficult to disrupt, was placed in distilled water for 1-2 min. after the initial centrifugation to break the cell walls, and immediately transferred to tris + NaCl buffer solution. Unbroken organisms were then removed by centrifuging at 1500 rev./min. for 2 min. These broken-cell preparations retained good Hill reaction activity, but did not fix CO, photosynthetically.
RESULTS
Pigment composition
Chromatograms of the pigments from Coccolithus huzleyi and the Hymenomonas sp. are shown in Fig. 1 . Both organisms contained chlorophylls a and c, carotene, fucoxanthin, and a number of minor xanthophylls. Table 1 gives the absorption maxima of the carotenoids in different solvents and their probable identification. Table 2 gives Rp values in the two solvent systems. The xanthophyll fraction of C. lauxle yi, more complex than that of the Hymenomonas, contained six xanthophylls, two of which remain unidentified. Table 3 gives the concentration of each pigment fraction in both organisms. The Hymenomonas was rich in chlorophyll a, and contained five times more chlorophyll a than c. On the other hand, C. huxleyi was rich in chlorophyll c, with a concentration almost equal to that of Chlorophyll a.
Stability of pigments
Because of the lability of chloroplast pigments, the effect of incubating whole organisms and broken-cell preparations under high light intensities for various periods of time was studied. The pigments in the intact organisms were stable for a t 
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Second RF dimension 1, Carotene (orange); 2, diatoxanthin (pale orange) ; 3, diadinoxanthin (yellow) ; 4, fucoxanthin (deep orange); 5, neofucoxanthin A and B (orange); 6, chlorophyll a (bluegreen); 7, chlorophyll c (light green); 8, unknown xanthophyll, (pink); 9, unknown xanthophyll, ( yellow-orange). incubation for 3 hr in air under a light intensity of 3500 ft.c. Chlorophyll c did not break down under these conditions. At lower light intensities (400-850 ft.c.) the breakdown of chlorophyll a was not quite as extensive. Chromatograms of pigment extracts from broken-cell preparations incubated a t high light intensities showed no trace of decomposition products (pheophytins, chlorophyllides, pheophorbides) which suggested that chlorophyll a was photo-oxidized to colourless products. Chlorophyll a, E = 84.0 l/g. cm. (Smith & Benitez, 1955) ; chlorophyll c, E = 15-8 l/g. cm. (Jeffrey, 1963) ; carotene, Ei&. = 2500 (Goodwin, 1955) 
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Chlorophyll absorption spectra in vivo Absorption spectra of whole organisms were impossible to obtain since these delicate organisms aggregated irreversibly when concentrated. Absorption spectra of broken-cell preparations are shown in Fig. 2 . The chlorophyll a maximum was at 678 mp in both Coccolithus huxleyi and the Hymenomonas sp. Since derivative curves were simple and symmetrical (Fig. 3) , one could infer that the red band of chlorophyll a in two organisms may consist of a single component. However, the chrysomonad Ochmnonas danica shows a very complex chlorophyll band in whole organisms but in broken cells shows only a single component (Allen, French & Brown, 1960) . That the chlorophyll a band in C . huxleyi and the Hymenomonas may actually be more complex was indicated by the spectral changes which occurred on bleaching (Fig. 4) . At high light intensities the absorption maximum of chlorophyll a in broken-cell preparations shifted from 678 to 674 mp, and the difference spectrum showed a maximum at 680 mp. It is not clear whether this shift represents selective bleaching of a chlorophyll complex that for some reason was not detectable in the original derivative spectrum, or a breakdown of a single normal chlorophyll complex by the high light intensity.
Growth and photosynthesis
Growth, photosynthesis and chlorophyll content of the Hymenomonas and C, huxleyi cultures are shown in Fig. 5 . Maximum population density was achieved in about 14 days at 1 4 O . The Hymenomonas reached a density of about lo6 organisms/ ml., and C. huxleyi lo7 organisms/ml. Since, as in all stationary cultures, growth, may have been limited by the diffusion of carbon dioxide from the air, the population densities achieved may not be the maximum attainable at the temperature and light intensity used, The chlorophyll content per organism did not vary significantly throughout growth of the cultures, nor was there any consistent change in the ratio of chlorophylls a to c as the cultures aged. The rate of photosynthesis, by contrast, did vary with the age of the culture, and reached a maximum of 150-200,umole CO,/mg. chlorophyll a + @ in 10-day cultures, near the end of the period of most rapid growth. After this, although the cultures continued to grow slowly, the carbon dioxide uptake declined to low values.
In several experiments the organisms were separated from the medium by centrifugation immediately after the 15 min. period of incubation, but before the addition of trichloroacetic acid, to determine whether all the carbon fixed was retained by the organisms or whether soluble products were present in the medium. After resuspending the organisms in fresh medium, trichloroacetic acid was added to both organisms and supernatant fluid, and samples of each fraction counted. All the radioactivity was recovered in the organism fraction, showing that these chrysomonads did not 'leak' soluble photosynthetic products during short periods of incubation. Light saturation curves for growth and photosynthesis of the two organisms are shown in Figs. 6 and 7. Optimal growth of the Hymenomonas was obtained a t light intensities of 800 ft.c. or higher, whereas growth of Coccolithus huxleyi was independent of light intensity over a wide range, and became saturated at low light intensities (60 ft.c.). Photosynthetic carbon dioxide fixation by both organisms was light saturated a t 3500 ft.c.; these light saturation curves for carbon fixation were similar at all stages of growth of the cultures.
DISCUSSION
Carbon fixation rates and chlorophyll content of sea-water samples have been used to assess the productivity of the marine algae in the oceans (Strickland, 1960) . Similar studies applied to organisms in pure culture provide a guide to the interpretation of results with naturally occurring organisms, particularly in areas where one class of marine alga may predominate. With regard to the chrysomonads, the pigments of eight species have now been examined in some detail. A summary of the proportions of the major pigments in these organisms is given in Table 4 . The total chlorophyll concentration in these eight chrysomonads was in the same range as that found for other types of marine algae (diatoms, dinoflagellates, etc., Jeffrey, 1961) . The ratios of chlorophyll a:chlorophyll c ranged from 1.5 to 5.7. A distinguishing feature of the chrysomonads was the variety of minor xanthophylls which was encountered; these included diadinoxanthin, diatoxanthin, dinoxanthin, and several others not yet identified. Paper chromatographic analyses of pigments from marine algae in sea-water samples taken over a 12-month period in Australian coastal waters have shown the predominance of chlorophylls a and c, fucoxanthin, peridinin and carotene in such waters (Jeffrey, unpublished) ; the pigments found correlated well with the classes of organisms which were present. In similar geographical regions chlorophylls were estimated spectrophotometrically over a 3-year period, and some exceptionally high chlorophyll c: a ratios were observed (Humphrey, 1960 (Humphrey, , 1963 . However, no marine alga is yet known which contains more chlorophyll c than a. An alternative explanation for hith c: a ratios may be found in the ready photo-oxidation of chlorophyll a in broken organisms (of which there is always a significant proportion in any natural population), and the stability of chlorophyll c under these conditions. Furthermore, the inaccuracies of the spectrophotometric method of Richards & Thompson (1952) which was used for the estimation of the chlorophylls may also have contributed to high values for chlorophyll c in ocean waters. This subject will be discussed in more detail elsewhere.
The photochemical bleaching of chlorophyll a was first described for higher plants (Krasnovsky & Kosobutskaya, 1955) and later for Chlorella (Brown & French, 1959) . In both types of plant a shift in the absorption peak from longer to shorter wavelength forms was noted. In the present work, a similar effect was observed in broken-cell preparations incubated at light intensities from 500-3500 ft .c. Both Krasnovsky, and Brown & French deduced that the 683 mp component of chlorophyll a, bleached more rapidly than the 673 mp component. A similar explanation might be used to explain the spectral shifts observed during photochemical bleaching of chlorophyll a in the Hymenomonas and in Coccolithus huxleyi. The difference spectrum, with a maximum a t 680 mp, suggested the loss of some component absorbing in that region.
The carbon fixation rates, observed in whole organisms of the two chrysomonads, reached maxima of 150-200 pmole CO,/mg. chlorophyll a+c/hr. The change in photosynthetic rates during growth of the cultures was not a consequence of changes in pigment concentration, since this remained constant throughout the growth period. The reasons for the changes in photosynthetic rates during growth of the cultures remain to be studied. From the range of values for carbon fixation rates which have been published (Rabinowitch, 1951 ; Wassink, 1946) , it appears that higher plants fix carbon a t rates higher than have so far been observed for marine organisms.
Preliminary experiments on the photochemical activity of chloroplasts prepared from the two chrysomonads indicated that the chloroplasts retained good Hill reaction activity and some carbon fixation ability. Detailed descriptions of the preparation and properties of chloroplasts from these organisms will be discussed in a later communication.
The chrysomonads resemble the brown algae and the diatoms in the pigment pattern of the main components, but the variety of their minor xanthophylls distinguishes the chrysomonads from the other groups of marine algae. Whether these minor xanthophylls have a special photosynthetic function as has been postulated for chlorophyll c and fucoxanthin (Tanada, 1951) , or simply represent intermediates in the formation or degradation of fucoxanthin, is as yet unknown.
